Introduction
The essentially complete character of both the description and interpretation of the photographed spectra of the noble atmospheric gases makes it apparent that any reopening of the subject can be justified only on the basis of the availability of new sources of information, such as a new technique of observation permitting an extension of the observations into a previously unexplored region, leading to significant additions to the experimental material. Such a technique is the utilization of lead-sulfide photoconducting detectors in combination with highresolution gratings for radiometric observation. The lead-sulfide cell extends the range of such highresolution observations beyond the photographic limit to the limit of its sensitivity near 30000 A, and because it is also sensitive to the visible and ultraviolet as far as 3500 A, at least, use of higher order standard lines for comparison is possible.
Three of these spectra, argon, krypton, and xenon, have been observed by this radiometric technique by Sittner and Peck, whose reported observations and analysis [1] 2 cover essentially the same region as those herein presented. These excellent observations appear to have been essentially complete, and the overwhelming majority of the classifications are correct. In the intervening period, however, sufficient new information has been accumulated to make it appear justifiable to prepare a new publication, which should complete these analyses as far as any reasonable effort will permit. Discussion of the specific points of difference between this analysis and that of Sittner and Peck, together with extensions to the analyses as reported in other earlier publications, will foe included in the, separate .sections, dealing, with, the respective spectra. In brief, these consist of inclusion of He i and Ne i, presentation of previously unreported data consisting mainly of 18 new lines in Ne i and 36 in Kr i, interpretation of nearly all reproducible previously unclassified lines, and amended classifications in a few instances.
Observations of Kr i and A i, obtained with a prism spectrometer, equipped with a glass prism and ther- 1 Presented, in part, at the meeting of the Optical Society of America, Buffalo, N. Y., Oct. 1949. 2 Figures in brackets indicate the literature references at the end of this paper.
mocouple detector were reported by Humphreys and Plyler [2] . These observations covered the same spectral region in which the data herein reported were obtained, but, because of well-known limitations affecting the precision of spectral data obtained by prism spectrometers with thermal detectors, may be considered as entirely superseded by the present work. The earlier paper may be referred to for a fairly extensive list of references on the first spectra of the noble gases, which will not be repeated in full here. It also reported two new levels, designated 4U and 4W, in Kr i, computed from photographic data by Meggers [3] but requiring confirmation by radiometric observation of infrared lines, arising from combinations of the same levels. The first, or neutralatom, spectra of all the noble gases are very rich in infrared lines. Considerable portions of these infrared spectra lie in the photographically accessible region, and have been the subject of exhaustive investigations. Eeference is made to a few of the more recent publications, which, in addition to those already mentioned, will serve as a background and introduction to the current work, and provide cross references to earlier work as required. A paper entitled "The Infrared Spectra of Neon, Argon, and Krypton", published by Meggers and Humphreys [4] in 1933 brought the analysis of these spectra essentially to completion. A separate paper by Humphreys and Meggers [5] , and of similar scope, appearing a few months earlier, brought Xe'i up to date. Shortly after this, plates incorporating new photosensitizing dyes, made available by the Eastman Kodak Co. [6] , permitted photographic observation as far as 13000 A in favorable instances. With these new plates Meggers [3] reobseryed all the noble gas spectra to the photographic limit and interpreted nearly all the new lines. In the intervening years no further extension of the range of photographic sensitivity has been accomplished, and no further observations of noble-gas spectra were made up to the time of the radiometric investigations at the National Bureau of Standards [2] and at Northwestern University [1] .
2, Energy Levels of the Noble Gases
Although the analysis of the spectra of the noble gases may be regarded as essentially complete, in the sense that nearly all the levels predictable from the electron configurations have been found, and that, in most instances, long series have permitted highly precise calculation of absolute term values, these spectra are somewhat unusual in their structure in that they do not permit arrangement into regular multiplets with any reasonable conformity to rules regarding intervals or intensities. Paschen [7] adopted a special notation in reporting his analysis of Ne i. This notation has been retained in all subsequent publications on these spectra; evidently because it is not possible to describe the levels according to the currently accepted notation, which is actually meaningful only when vector coupling of LS-type is present. Thisanability to identify multiplets in rare-gas spectra points to the probable existence of a different type of coupling. This has generally been supposed to resemble the i/-case but evidence, principally from Zeeman effect, indicates that extreme ^'-coupling is not realized, and that an intermediate type prevails. Considerable light was shed on the problem by a theoretical paper by Racah [8] , who discussed an intermediate coupling scheme, designated jl, and discussed the conditions for its existence. It was pointed out that, whereas fecoupling occurs when the spin-orbit interaction is weak compared to the electrostatic, and ^'-coupling occurs when the electrostatic interaction is weaker, a third possibility, the ^7-case, may be realized, according to which the electrostatic interaction is weak compared to the spin-orbit interaction of the parent ion, but is strong compared to the spin coupling of the external electron. The vectorial representation of this case is to combine the total angular moment j of the parent ion with the orbital moment I of the external electron to form a resultant K, known as the intermediate quantum number. Finally, K is combined with the spin of this electron to obtain the resultant J, which has the usual significance, namely, total angular moment of the resultant configuration.
Racah suggested a special notation for representing levels originating under the condition of jt-coupling. This notation has been selected for the appropriate sections, pertaining to noble-gas spectra, of "Atomic Energy Levels" [10] . This innovation has been followed in tabulating the descriptions of spectra listed in this paper, except for He i, which is described in conventional notation. The Racah notation has been abbreviated by omitting the description of the parent ion, mp 5 ( 2 P°i yi ) or ( 2 P^), the omission or insertion of the prime with the letter indicating the running electron being sufficient to distinguish between the two respective possible cases. This usage is also borrowed from [10] , which not only employes the prime in the manner indicated, but also supplies the complete parent ion description. Descriptions of the transitions, according to the Paschen notation, are also included along with the Racah notation in parallel columns in the tables pertaining to argon, krypton, and xenon. This is intended to permit ready comparison with earlier published analyses and to provide a basis for translating the old notation into the new. It is to be noted that every symbol in the new notation is physically significant. The number within the bracket is Racah's KOY intermediate quantum number obtained by vectorial addition of the j-value of the parent ion to the I-value of the external electron. In the instance of the noble-gas configurations, where the parent ion has j-vahie=l% (unprimed case), there can be a maximum of four K-values; and where the parent ion has j-value^OK (primed case), no more than two values of K appear. For each K-value, by addition or subtraction of the spin moment S of the external electron, always=0%, two possible j-values appear for the resultant vector sum. We thus obtain a pair of levels for each K. A maximum total of twelve levels is possible for any rare-gas configuration where the external electron has /-value 2 or greater. As might be expected, this is the same total number and the same set of ^'-values that would be obtained with Z£-coupling. Table 1 illustrates the development of the set of levels and appropriate quantum numbers associated with the binding of the/-electron in the configuration mp 5 nf. The pair structure resulting from the ^7-couplinŝ cheme was pointed out by Shortley and Fried [9] . This structure is quite apparent in the level schemes of the four noble-gas-atomic spectra, Ne i, A i, Kr i, and Xe i, up to and including the levels based on the configurations p 5 nd. In the instance of the pair arrays from p l nj these features are much less obvious. They are developed in three out of four possible cases in Xe i, and show diminishing separations for the gases of smaller atomic number, until in Ne i these /-type pairs of levels merge into single levels even with the high resolving power now employed in presently available techniques. Lack of knowledge regarding these /-type levels has constituted the most conspicuous gap in the analysis of these spectra, and a considerable part of the information supplied by this investigation is concerned with these structures. Details for the respective spectra are given under the appropriate headings.
The numerical values of the levels used in obtaining the calculated wave numbers of emission lines that appear in the tables that follow, pertaining to A i, Kr i, and Xe i are those that are currently appearing in [10] . The levels reported in that publication for Ne i, A i, Kr i and Xe i, are taken from unpublished manuscript by Edlen. These values represent a revision, together with reassignments in a few instances, of the tables of levels listed in two publications already quoted [4, 5] , and are based on the same data. A small number of missing levels, required to complete the arrays and predicted from series calculations, have been confirmed by observed transitions.
Experiments
The high-resolution grating spectrometer used for these observations has been described briefly in an earlier publication [11] . It is of conventional design incorporating a 15000-lines-per-inch Johns Hopkins grating, 1-meter focus off-axis paraboloidal collimating mirror, ground and figured in the Optical Instrument Shop of the National Bureau of Standards. The cone-bearing, grating-mounting, worm-gear assembly, and simultaneously movable bilateral slits were constructed in the Instrument Shops of the Department of Physics, University of Michigan. The slits conformed essentially to the design of Roemer and Oetjen [12] . Figure 1 shows the instrument with the cover and baffles removed. The amplifier shown on the table beneath the spectrometer was constructed by W. R. Wilson, and is of the same design as that used for similar purposes at Northwestern University [13] . The electronic components visible in the picture also serve to establish the scale of relative sizes of parts. It may be noted that the mirrors are 7 inches in diameter, and that the grating is ruled on a 9-inch blank, with segments cut off to adapt it to the ruling machine.
The data reported were obtained in most instances by using Geissler tubes as radiation sources. In instances where higher-order comparison standards from the same spectrum were employed, the source was simply imaged on the entrance slit by means of a quartz lens. Where lines of a different spectrum were used as standards an arrangement similar to that illustrated in the paper by the senior author on Ca I [14] was employed. In this system the quartz lens was left in position and a concave mirror was also set up on the optic axis in such a position that it formed an image of the source in the position of the conjugate focus of the lens with respect to the slit. When the comparison source included a tube of fairly large bore, it was set up with its axis coincident with the image of the first source, so that both could be imaged on the slit simultaneously. In other cases, the comparison source was moved into or out of the described position, but the comparison lines were always introduced under the condition of continuous scanning.
Characteristic Features of Noble Gas Spectra

Helium
The observation of the helium spectrum was fo the purpose of improving the wavelength data, because there was no reasonable prospect of finding new level combinations of appreciable intensity in this thoroughly analyzed spectrum. The results are given in (able 2 and comprise data on six lines. The first two lines listed, 3 3 D-5 3 F°, and 'S 1 D-5 1 F°w ere the lines of greatest wavelength reported by Meggers [3] and were evidently at the limit of photographic sensitivity. The wavelengths of the others are known only from the early radiometric measurements of Paschen [15] . Because of a radiometric application utilizing some of these lines, special canwas taken to evaluate the relative intensities precisely. It is believed thai the apparent relative in-TABLB 2. Description of I To i in the infrared region tensities are correctly evaluated, bearing in mind that no correction has been made for spectral sensitivity of the detector, or effect of the properties of the grating, on apparent spectral distribution of energy. The calculated values of wave numbers are based on the values of the levels quoted in [10] . The wavelengths of the various lines of the fundamental series have been evaluated by bracketing them between fairly close third-order neon lines. There is no possibility of an experimental error nearly as large as the difference between observed and calculated wave numbers indicated for the singlets, particularly since the relative precision of the determination of the singlet and triplet transitions for a given series member is high. It is suggested, therefore, that reevaluation of the first two members of the /-series is in order. The following values would bring the levels into agreement with the reported wavelength measurements: The indicated extremely close proximity of the singlet and triplet F-terms of given order number is in accord with their relative positions for the higher series members. The difference between the observed and calculated wave numbers for 2s *S2p T 0 , namely, 0.10 cm ~\ is close to the expected experimental error. The line at 17003 A arises from a transition between multiple levels, unresolved by available techniques. No revision of accepted level values based on the measured wavelengths of these two lines appears to be required.
Neon
The observations on Ne i have been confined to the limited wavelength region, 18035 to 18625 A, in which the electron transitions of the type 3d-4/ occur. The only previous data pertaining • to this region consist of a few lines reported by Hardy [16] that could not be resolved or measured by methods then available with sufficient precision to improve the existing set of level values. The new data are listed in table 3 and comprise 18 lines. A reproduction of a typical record is shown in figure 2 . The wavelengths have been evaluated by interpolation between third-order neon lines included in the wellknown group of red neon lines, which are accepted international standards. The calculated wave numbers are based on a set of adjusted values of/-levels determined from these observations rather than upon the values currently published [10] . These revised /-levels are compared with the current set in table 4. The bracketed values quoted are, of course, predictions, which are now confirmed by the present set of observations.
8.
P?
Observed It is to be noted that a total of only six of these /-levels have been found, two primed and four unprimed. This represents the complete development of the level system, but with the Racah pairs either coalesced or so close together that they cannot be distinguished in cases where there is a possible combination of both members of a pair with a given d-level, producing a close doublet. Such close levels might also be distinguished on the basis of a small difference in numerical value based on determinations from strictly single transitions according to selection rules, but here again the attainable precision appears inadequate for the /-levels of Ne 1.
Argon
The observations on A1 extend from approximately 12000 to 17000 A, covering essentially the region explored by Sittner and Peck [1] , but slightly less extended in the directions of both shorter and longer wavelengths: There appeared to be no advantage in overlapping the region observed photographically by Meggers [3] below about 12000 A where the photographic emulsions were sufficiently sensitive to permit essentially complete recording of the spectrum. The principal reason for reobserving A 1 was that a considerable number of the lines beginning with 13273 A and lying in the region of greater wavelengths were either left unclassified by Sittner and Peck or had been assigned to transitions that appeared improbable. Part of Sittner and Peck's observations were made with flash tubes. The differences in excitation are responsible for considerable variation in the intensities of some level combinations, when Geissler tube and flash tube excitations are compared. In general, the effect of the flash tube excitation is to increase the intensities of combinations of levels where one or both the levels belong to the family converging to the higher level of the inverted doublet constituting the ion limit, namely, 2 P 0 >J. A few of the weak lines observed by Sittner and Peck do not appear on our records and, vice versa. We have observed a small number not included in their list. These few weak lines remain unclassified, and there may be some doubt of their origin in A 1. Table 5 essentially linear character of the dependence of detector response upon incident energy, these records do, nevertheless, provide an excellent means of intensity evaluation. Because of the limited scale range of the recorder, it is necessary to make a large number of records with different amounts of energy incident on the entrance slit or with different slit widths, or else to introduce controlled attenuation into the amplifier output in order to reveal the range of intensities between the strongest and weakest lines. Both devices have been used to a limited extent. The relative intensities may be considered reasonably good estimates over moderate ranges, but are subject to the limitations mentioned in the section on helium. The nonuniformity in spectral distribution associated with use of a grating with a pronounced "blaze" angle is probably the most important of these limitations. It seems fairly certain that the most intense line included among those originating in transitions of the classes studied is 2p 9 -3^1. The newly classified lines originate in most instances in combinations involving four newly discovered levels which are the first members of the old V, U, and W series previously known only in higher members. In the Racah or pair-coupling notation, these levels are 4 34 . It is to be noted that in the last two instances the separation of the pairs has not been directly observed, or inferred, from existing data. These newly interpreted levels were actually identified from the data in the Sittner and Peck publication, previous to the observations herein reported, and communicated to Dr. Moore for inclusion in the first volume of [10] , as noted in the section on argon. The following are the wave numbers of lines for which no classification has been published 
Krypton
Considerably more effort has been devoted to the observation and interpretation of Kr i than to any other part of this study. The principal reason for this emphasis is that, of these noble-gas spectra, Kr i has the greatest population of fairly uniformly distributed lines in the region between 10000 and 20000 A, and, as such, shows considerable promise as a source of standard wavelengths. The wavelengths have been determined by use of second-order krypton, neon, and argon lines as comparison standards, and in some instances third-order lines of Fe i excited in an arc. A few first-order krypton lines originating in transitions of the type Is-2p, the wavelengths of which can be computed with great accuracy from known levels, were also used in regions where available. Actually, the relative scarcity of good standards was the principal impediment to the most satisfactory wavelength determinations. One of the sources used was a Geissler tube, imported several years ago from the firm of Robert Gotze in Leipzig, and kindly loaned for this work by Wm. F. Meggers. This tube contained krypton of exceptional purity, and its operation under optimum conditions probably . i»-4/ OJ4Io-5d 2 Edlen's revisions of the table of levels by Meggers and Humphreys [4] and listing of additional levels, are the basis of the entries on Kr i in [10] . These changes are relatively few in number, emphasizing the fact that this analysis has long been, regarded as essentially complete. The levels to which the designations 2s 2 and Ss[ were formerly assigned have • been interchanged. A similar switch has been made with 3s" and 3s"". These changes should be taken into account in comparing Sittner and Peck's classifications with ours. The Edlen manuscript also supplied a complete set of values of the levels representing the first members of the various series originating in the 4/ configuration, except that the doublet structure of the level designated 4W or 4/[3 3^3,4 remained unresolved; a computed value only was proposed for one component of the 4U 5 As represented in [10] , with the ground level=0, this level would become 105989.60 cm" The observations on xenon were less extensive than on any of the other four noble gases because both preliminary recordings and study of the level scheme had revealed that there was little possibility of adding significantly to the existing observational material. A small number of records were made in order that some material on all the noble gas spectra might be included in the current survey.
The results are presented in table 7, which is organized in the same fashion as the corresponding tables 5 and 6 for argon and krypton. These observations cover the same region as those of Sittner and Peck, and their classifications are repeated without revision for lines common to both lists.
The principal reason for the relative paucity of xenon lines in the 1.2-to 1.8-micron region is that the 2p and 3d levels fall in much the same range of numerical values, with the result that the 2p-3d combinations, that are responsible for many of the intense analogous lines in argon and krypton, represent wavelengths much deeper in the infrared and out of range of observation with lead-sulfide detectors. For instance, the position of the expected most intense combination in this group, 2p s -3d' 4 , is predicted at 1793.6 cm" 1 . Most of the possible 3d-4/ combinations have been observed photographcally. Of the/-type levels, only those of the family converging to the 2 Pf^ ion limit have been found. Owing to the extremely wide separation of the series limits, the first members of the /-series converging to 2 P §i^ are above the first ionization limit. The only noteworthy changes in the Xe i level scheme made by Edlen since the.last publication of this array [5] between levels this close is beyond the precision of the current, observations. The complete status of the level scheme of Xe i makes it unnecessary to consider further observations in order to improve the analysis. Future availability of photoconductors sensitive to energy of greater wavelengths, possibly as far as 7 microns would still make Xe i an attractive subject for study owing to the existence of several predicted lines of probable high intensity that might be useful as wavelength standards.
Conclusion
Observation and interpretation of the noble gas spectra over a period of over thirty years have led to the essentially complete analysis of the spectra of these gases. One of the most interesting features of this work is that it has been made possible largely by the development of techniques for observing in the infrared region by either photographic or radiometric methods. The noble gases have provided some of the best sources of standard wavelengths. The possibility of extending the range of highly precise observations farther into the infrared region by combining interferometric with radiometric methods still constitutes an attractive challenge.
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